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Introduction {#sec005}
============

Saffold virus (SAFV) is a cardiovirus belonging to the family *Picornaviridae*. In 2007, SAFV was isolated from a stool sample obtained from an infant who suffered a fever of unknown origin in 1981 \[[@pone.0148184.ref001]\]. Prior to this, cardioviruses were thought to cause serious diseases, such as myocarditis, encephalomyelitis, and diabetes, mainly in small rodents \[[@pone.0148184.ref002]--[@pone.0148184.ref006]\]. The zoonotic *Encephalomyocarditis virus* (which belongs to the genus *Cardiovirus*) is infectious in primates, including humans, but causes only occasional and mild outbreaks \[[@pone.0148184.ref007]--[@pone.0148184.ref012]\]. After its initial identification, SAFV was primarily detected in fecal and throat swab specimens from infants and children with acute gastroenteritis or acute upper respiratory symptoms \[[@pone.0148184.ref013]--[@pone.0148184.ref025]\]. Epidemiological and genetic analyses suggest that SAFV, especially genotypes 2 and 3, is circulating freely in the human population and is transmitted from human to human during early childhood because the sera of children and the elderly have high rates of neutralizing antibodies against SAFV genotypes 2 and 3 \[[@pone.0148184.ref018], [@pone.0148184.ref019], [@pone.0148184.ref022], [@pone.0148184.ref024], [@pone.0148184.ref026], [@pone.0148184.ref027]\]. The prevalence of SAFV in other mammals, including rodents, is still uncertain.

The pathogenicity of SAFV remains unclear because the virus is often detected along with enteric or respiratory viruses such as norovirus, rotavirus, bocavirus, and influenza virus \[[@pone.0148184.ref013], [@pone.0148184.ref014], [@pone.0148184.ref016], [@pone.0148184.ref017], [@pone.0148184.ref020], [@pone.0148184.ref021], [@pone.0148184.ref023], [@pone.0148184.ref025], [@pone.0148184.ref028]--[@pone.0148184.ref031]\], and even in healthy individuals \[[@pone.0148184.ref015]\]; thus it is difficult to attribute infections to a specific virus. On the other hand, SAFV mono-infection was found in children with diarrhea, hand-foot-mouth disease, and upper respiratory inflammation \[[@pone.0148184.ref025], [@pone.0148184.ref030]--[@pone.0148184.ref032]\]. In addition, a surveillance program for acute flaccid paralysis (for global polio eradication) conducted by the World Health Organization occasionally detected SAFV in fecal specimens from patients with non-polio acute flaccid paralysis \[[@pone.0148184.ref015], [@pone.0148184.ref027], [@pone.0148184.ref033], [@pone.0148184.ref034]\]. Although SAFV is also found in the cerebrospinal fluid (CSF) of infants with cerebellitis \[[@pone.0148184.ref035]\] and aseptic meningitis \[[@pone.0148184.ref036]\], it is rarely observed in CSF samples from those with neurological diseases \[[@pone.0148184.ref013], [@pone.0148184.ref030], [@pone.0148184.ref035]\]; thus the role of SAFV in neurological diseases remains uncertain.

Enteroviruses belonging to the family *Picornaviridae*, especially coxsackieviruses A and B, preferentially infect neonatal mice rather than adult mice \[[@pone.0148184.ref037]\]. Thus, neonatal mice have been used for viral isolation and to investigate the pathogenesis of enteroviruses. However, picornaviruses generally show high host specificity; the natural host for all human enteroviruses is the human \[[@pone.0148184.ref037]\]. Enterovirus 71, a member of the family *Picornaviridae*, can cause meningitis and encephalitis because it infects human neurons. Some human isolates induce paralysis in neonatal mice after experimental infection of the brain. However, the mice often show severe myositis due to viral infection of not only neurons but also skeletal muscle; this does not happen in humans \[[@pone.0148184.ref038]\]. By contrast, coxsackievirus B and mouse-adapted enterovirus 71 infect large neurons in the brains of neonatal or adult mice and these animal models mimic the neuropathology observed in the human brain \[[@pone.0148184.ref039]--[@pone.0148184.ref042]\].

Therefore, establishing a mouse model of SAFV infection would advance understanding of the neuropathogenesis of SAFV. Indeed, a recent report \[[@pone.0148184.ref043]\] shows that mice subjected to intracerebral inoculation with HeLa cell-adapted SAFV type 2, which had been passaged eight times in rhesus monkey kidney epithelial (LLC-MK~2~) cells and then 13 times in the alpha/beta interferon-deficient human glial cell line, U118MG, developed neurological disorders. In the present study, the primary aim was to examine the susceptibility of mouse brain to SAFV-3 in the absence of viral host adaptation. We used two clinical isolates of SAFV-3: the JPN 08--404 strain (isolated from the CSF of a patient with aseptic meningitis) \[[@pone.0148184.ref036]\], and the Gunma/176/2008 strain (isolated from a throat swab from a patient with acute upper respiratory inflammation) \[[@pone.0148184.ref021]\]. Neonatal and young ddY mice, and young BALB/c mice were infected and analyzed using virological, pathological, and immunological methods. The results showed that both clinical isolates of SAFV-3 infected neural progenitor cells and glial cells, but not large neurons, and that both were mildly neurovirulent in mice; however, the clinical isolates showed different cell tropism and neurovirulence. Taken together, these results suggest that SAFV-3 is a candidate neuropathogenic virus that causes aseptic meningitis and other neurological disorders.

Materials and Methods {#sec006}
=====================

Viruses and cells {#sec007}
-----------------

Two clinical isolates of SAFV-3 were used in this study: JPN 08--404, obtained from the CSF of a patient with aseptic meningitis in 2008 (referred to herein as the AM strain) \[[@pone.0148184.ref036]\], and Gunma/176/2008, acquired from a throat swab from a patient with upper respiratory tract inflammation in 2008 (referred to herein as the UR strain) \[[@pone.0148184.ref021]\]. The clinical samples were obtained by the local health authorities of Kochi Prefecture (AM strain) or Gunma Prefecture (UR strain) in 2008 for the surveillance of viral diseases in Japan, but we used clinical isolates that were supplied from these local health authorities. Thus, this study did not involve research on human subjects and thus does not need the approval of the Ethical Review Board. After isolation in non-human primate LLC-MK~2~ cells (AM strain) or in human HEp-2 cells (UR strain), the stock viruses were passaged (three times for the AM strain and once for the UR strain) in LLC-MK~2~ cells cultured in minimal essential medium (MEM) supplemented with 2% fetal bovine serum, 100 U/ml penicillin, 100 μg/ml of streptomycin, and 1.5 μg/ml of Fungizone Antimycotic (Gibco, Life Technologies Corporation, Carlsbad, CA) (referred to herein as 2MEM). The virus-infected LLC-MK~2~ cells were disrupted using three freeze-thaw cycles and centrifuged at 2,000 × *g* for 15 min. The supernatant was stored at 80°C until required. Titers of the stock viruses were expressed as 50% of the cell culture infectious dose (CCID~50~)/ml in LLC-MK~2~ cells, which was calculated using the Behrens---Kärber method. All work with infectious SAFV-3 was performed under biosafety level two conditions.

SAFV-3 UR strain genome sequencing {#sec008}
----------------------------------

SAFV-3 UR strain RNA was extracted from virus-infected cell cultures using an RNeasy Plus Mini Kit (Qiagen, Hilden, Germany). Reverse transcriptase (RT)-PCR was performed with the OneStep RT-PCR Kit (Qiagen) using specific primers \[[@pone.0148184.ref027], [@pone.0148184.ref044]\]. The amplified DNA PCR products were purified using MonoFas DNA Purification Kit I (GL Sciences Inc., Tokyo, Japan) and then sequenced using an ABI 3130 Genetic Analyzer (Applied Biosystems, Life Technologies Corporation). The nucleotide sequences of the SAFV-3 UR strain were analyzed using Sequencher software (ver. 4.10.1, Gene Codes Corporation, Ann Arbor, MI). All nucleotide sequences analyzed in this study were submitted to the DNA Data Bank of Japan.

Experimental infection of mice {#sec009}
------------------------------

Pregnant and 5-week-old female ddY mice, an outbred strain, and 5-week-old female BALB/c mice, an inbread strain, were purchased from Japan SLC (Shizuoka, Japan). The ddY strain was maintained as a closed colony and shows good reproductive performance and growth \[[@pone.0148184.ref045]\].

Within 24 h of birth, neonatal ddY mice were inoculated intracerebrally or intraperitoneally with the SAFV-3 AM or UR strains (10^4^ CCID~50~ in 10 μl per mouse). 2MEM was used as a negative control and as the diluent whenever needed. The mice were observed for clinical manifestations, and their body weight was measured daily for 21 days. Additional inoculated animals were sacrificed at various time points to examine virus replication and pathology (n = 3, 4, or 7 mice per group).

Six-week-old ddY and BALB/c mice (referred to hereafter as young mice) were anesthetized with isoflurane and inoculated intracerebrally with the AM or UR strains of SAFV-3 (10^4^ CCID~50~ in 50 μl). The mice were monitored for clinical signs of infection, and body weight changes were measured for 8 (ddY) or 60 (BALB/c) days. The mice were sacrificed under excess isoflurane anesthesia on 3, 8, 21, or 60 days post-inoculation (p.i.) and subjected to pathological analysis (n = 3--6 per group). The young ddY and BALB/c mice used as negative controls were inoculated intracerebrally with 2MEM.

Young BALB/c mice (n = 10 or 13 mice per group) were inoculated intracerebrally (10^4^ CCID~50~ in 50 μl per mouse), intraperitoneally (10^4^ CCID~50~ in 100 μl), intravenously (10^4^ CCID~50~ in 100 μl), intranasally (10^4^ CCID~50~ in 20 μl), or orally (10^4^ CCID~50~ in 100 μl containing 5% sucrose) with the AM or UR strains. 2MEM was used as a negative control and as the diluent whenever needed. Intracerebral inoculation was conducted under isoflurane anesthesia, and intranasal inoculation was performed under a mixture of ketamine and xylazine anesthesia \[[@pone.0148184.ref046]\]. Before oral inoculation, animals were deprived of water for 6 or more hours. Feces were obtained from orally-inoculated animals on Days 3 and 8 p.i. and used for viral isolation. All inoculated mice were observed for clinical signs of infection and body weight was measured daily for 21 days (n = 3, 4, or 5 mice per group). The mice were sacrificed under excess isoflurane anesthesia on Days 3, 8, and 21 p.i. and examined using virological and pathological methods.

Animal studies were carried out in strict accordance with the Guidelines for Proper Conduct of Animal Experiments of the Science Council of Japan. The animal experiments were conducted in strict compliance with animal husbandry and welfare regulations. All animal experiments were approved by the Committee on Experimental Animals at the National Institute of Infectious Diseases in Japan (approval No. 211028, 212031, 112075, 113090, and 114102), and all experimental animals were handled in biosafety level two animal facilities according to the guidelines of this committee. If necessary, viral inoculations were performed under anesthesia, and all efforts were made to minimize potential pain and distress. After inoculation, animals were monitored once a day during the study. The humane endpoint was used for all mice displaying the clinical diagnostic criteria of severe central nervous system (CNS) stress, such as circling, blindness, and convulsion, and more than 20% weight loss. Animals were euthanized under anesthesia if severe disease symptoms or weight loss was observed, while no animals became severely ill or moribund at any point prior to the experimental endpoint.

Histopathology and immunohistochemistry {#sec010}
---------------------------------------

Neonatal mice were sacrificed by exposure to excess isoflurane and perfused with 10% phosphate buffered formalin (injected directly into the heart). Harvested tissues were immersed in a formalin solution overnight. The whole head, including the brain, was cut into sagittal sections, which were then immersed in a formalin solution for 2 or 3 days. Young mice were also sacrificed by exposure to excess isoflurane and exsanguinated (via the heart). The head, including the brain, the spine including the spinal cord, muscle, heart, lungs, liver, spleen, kidneys, pancreas, stomach, and intestine were harvested and immersed in a formalin solution for 2 or 3 days. After fixation, the tissues were dehydrated in ethanol (30% to 50% solutions) and decalcified in a buffered EDTA 2Na solution (Dojindo, Kumamoto, Japan) as required. The tissue samples were then embedded in paraffin and stained with hematoxylin and eosin (H&E). The brain and spinal cord tissues were also stained with Klüver-Barrera Luxol fast blue staining (KB-LFB).

A polymer-based detection system was used for immunohistochemical analysis. For antigen retrieval, deparaffinized sections were placed in a retrieval solution (pH 6) (Nichirei Biosciences, Inc., Tokyo, Japan) and heated to 121°C for 10 min in an autoclave. After washing in phosphate buffered saline (PBS), the sections were treated with 0.3% hydrogen peroxide in methanol for 30 min to quench endogenous peroxidase activity. After further washing, the sections were incubated at room temperature in 10% normal goat serum (Dako, Glostrup, Denmark) for 5 min, followed by an overnight incubation at 4°C with the primary anti-SAFV-3 polyclonal antibody or anti Iba1 polyclonal antibody (Wako Pure Chemical Industries, Ltd, Osaka, Japan). The SAFV-3 polyclonal antibody was used alongside serum from a rabbit hyper-immunized with the SAFV-3 AM strain \[[@pone.0148184.ref036]\]. After further washing in PBS, the sections were incubated with Nichirei-Histofine Simple Stain Mouse MAX PO (R) (Nichirei Biosciences) according to the manufacturer's instructions. Peroxidase activity was detected with 3, 3'-diaminobenzidine (Sigma-Aldrich, St. Louis, MO), and the sections were counterstained with hematoxylin.

Double immunofluorescence staining {#sec011}
----------------------------------

To characterize the virus-infected cells, paraffin-embedded tissues were subjected to a double immunofluorescence staining procedure using a rabbit antiserum against SAFV-3, and neuronal markers such as mouse or rat monoclonal antibodies against Musashi-1 (clone D270-3; Medical & Biological Laboratories, Nagoya, Japan), anti-glial fibrillary acidic protein (GFAP) (clone GA5; Merck Millipore, Billerica, MA), anti-glutamate-aspartate transporter (GLAST) (clone ACSA-1; Miltenyi Biotec, Auburn, CA), anti-brain lipid binding protein (BLBP) (clone AT1D1; Abcam, Cambridge, UK), microtubule associated protein-2 (MAP-2) (clone A60; Millipore), anti-myelin 2,3-cyclic nucleotide 3-phosphodiesterase (CNPase) (SMI91; BioLegend, San Diego, CA), myelin-associated glycoprotein (MAG) (ab89780; Abcam), and anti-cytokeratin (clone AE3; Chemicon, Merck Millipore), and lectin biotinylated *GRIFFONIA SIMPLICIFOLIA* (GS-lectin) (Vector, Southfield MI). The antigens were retrieved by autoclaving the sections in retrieval solution (pH 6.0) (Nichirei Biosciences) at 121°C for 10 min. The sections were incubated with the primary monoclonal antibody (against Musashi-1, GFAP, GLAST, BLBP, MAP-2, CNPase, MAG, or cytokeratin) or GS-lectin, followed by incubation with antiserum against the SAFV-3 antigen. Goat anti-rabbit Alexa Fluor 568 (to detect viral antigen-binding sites), goat anti-rat Alexa Fluor 488 (to detect antibodies bound to Musashi-1), goat anti-mouse Alexa Fluor 488 (to detect antibodies bound to GFAP, GLAST, BLBP, MAP-2, CNPase, MAG, or cytokeratin) and streptavidin, Alexa Fluor 488 conjugate (to detect GS-lectin) were used as secondary antibodies (all secondary antibodies were obtained from Molecular Probes, Life Technologies Corporation). The sections were incubated with the antibodies for 30 min at room temperature before being mounted in SlowFade Gold antifade reagent containing 4\', 6-diamidino-2-phenylindole (DAPI; Molecular Probes, Life Technologies Corporation). Fluorescence images were captured under a laser scanning confocal microscope (FV1000-D, Olympus, Tokyo, Japan).

RNA *in situ* hybridization {#sec012}
---------------------------

Viral RNA was detected in sections of paraffin-embedded mouse brain by RNA *in situ* hybridization using the QuantiGene ViewRNA ISH Tissue Assay (Affymetrix, Santa Clara, CA) according to the manufacturer's instructions, with some modifications \[[@pone.0148184.ref047]\]. The QuantiGene ViewRNA Probes Sets were designed using the whole gene for the SAFV-3 AM strain (accession no. HQ902242). Prior to RNA *in situ* hybridization, total RNA was extracted using a PureLink FFPE RNA Isolation Kit (Invitrogen, Life Technologies Corporation) to determine whether the viral RNA was preserved in the paraffin-embedded specimens. The RNA was then treated with the reagents provided in the TURBO DNA-free Kit (Ambion, Life Technologies Corporation) to remove contaminating DNA. RNA-extracted samples were subjected to real-time PCR to detect SAFV-3, and appropriate samples were selected for RNA *in situ* hybridization. After deparaffinization, the sections were boiled with pretreatment solution for 10 min and treated with protease QF at 40°C for 10 min. The sections were incubated with the QuantiGene ViewRNA Probe Set at 40°C for 2 h and then hybridized with PreAmplifier Mix QT at 40°C for 25 min. After treatment with Amplifier Mix QT at 40°C for 15 min, the sections were reacted with the labeled probe conjugated to alkaline phosphatase. After receiving alkaline phosphatase enhancer treatment, the sections were stained using a Warp Red Chromogen Kit (Biocare Medical, Concord, CA).

Reverse transcriptase PCR (RT-PCR) and real-time RT-PCR of the SAFV-3 genome {#sec013}
----------------------------------------------------------------------------

Neonatal mice were sacrificed by exposure to excess isoflurane, and blood was obtained by cardiac puncture. Total RNA was extracted using the TRIzol Plus RNA Purification Kit (Ambion, Life Technologies Corporation). The brains from the ddY neonatal mice were removed from the skull, washed three times in PBS, and then separated into two parts (the cerebellum and the remaining brain, including the cerebrum and brain stem). The brains from young BALB/c mice were divided into three parts (the cerebrum, brain stem, and cerebellum) to quantify the viral RNA genome. Tissue samples (except samples of neonatal mice cerebellum) were homogenized using Lysing Matrix A (MP Biomedicals, Santa Ana, CA) and diluted in 2MEM to yield 10% homogenates. Samples of neonatal cerebellum were also homogenized using Lysing Matrix A (MP Biomedicals) in 1 ml of 2MEM. After centrifugation at 8,000 × *g* for 5 min, the supernatants were subjected to PCR to detect the viral genome. Total RNA was extracted from the supernatants of tissue homogenates generated from the organs of young mice and the brains of the neonatal mice using an RNeasy Plus Mini Kit (Qiagen). Contaminating DNA was removed from the extracted RNA using a TURBO DNA-free Kit (Ambion, Life Technologies Corporation). Nested RT-PCR was performed to detect the SAFV viral genome (the conserved 5\' non-coding region; accession no. EF165067), and the product was amplified using OneStep RT-PCR (Qiagen) and TaKaRa Ex Taq (Takara Bio, Shiga, Japan) kits \[[@pone.0148184.ref027]\]. The first and second primer sets are listed in [Table 1](#pone.0148184.t001){ref-type="table"}. The nested RT-PCR protocol was as follows: the first-round of the RT-PCR was conducted for 30 min at 50°C (for reverse transcription) and 15 min at 95°C (for Taq polymerase activation), followed by 35 cycles at 94°C for 30 sec, 60°C for 30 sec, and 72°C for 1 min. The second-round of PCR was conducted for 3 min at 95°C, followed by 35 cycles at 94°C for 30 sec, 60°C for 30 sec, and 72°C for 1 min.

10.1371/journal.pone.0148184.t001

###### Primer and probe sequences used for nested reverse transcriptase (RT)-PCR and real-time RT-PCR.

![](pone.0148184.t001){#pone.0148184.t001g}

  Primer and probe                             Genome sequence (5\'--3\')
  -------------------------------------------- ---------------------------------
  Nested RT-PCR for Saffold virus              
   Forward 1^st^ (CF188F)                      `CTAATCAGAGGAAAGTCAGCAT`
   Reverse 1^st^ (CR990R)                      `GACCACTTGGTTTGGAGAAGCT`
   Forward 2^nd^ (CF204F)                      `CAGCATTTTCCGGCCCAGGCTAA`
   Reverse 2^nd^ (CR718R)                      `GCTACTGTGAGGTCGCTACAGCTGT`
  Real-time RT-PCR for Saffold virus           
   Forward                                     `AAACCATGCCACAAACACCAT`
   Reverse                                     `GCCYTGACCAACTACCCACAT`
   Probe (FAM-TAMRA)                           `CTTGCCGAYACACGTGACCCACA`
  Real-time RT-PCR for murine interferon-α 4   
   Forward                                     `CAACTCTACTAGACTCATTCTGCAAT`
   Reverse                                     `AGAGGAGGTTCCTGCATCACA`
   Probe (FAM-TAMRA)                           `ACCTCCATCAGCAGCTCAATGACCTCAAA`
  Real-time RT-PCR for murine interferon-β     
   Forward                                     `GCTCCTGGAGCAGCTGAATG`
   Reverse                                     `TCCGTCATCTCCATAGGGATCT`
   Probe (FAM-TAMRA)                           `TCAACCTCACCTACAGGGCGGACTTC`
  Real-time RT-PCR for murine beta-actin       
   Forward                                     `ACGGCCAGGTCATCACTATTG`
   Reverse                                     `CAAGAAGGAAGGCTGGAAAAGA`
   Probe (FAM-TAMRA)                           `CAACGAGCGGTTCCGATGCCC`

Primer Express software (Applied Biosystems) was used to design the primers and probes for real-time RT-PCR, all of which recognized the SAFV-3 viral protein 1 (VP1) region (accession no. HQ902242). The expression of type 1 interferon (IFN) mRNA was examined using real-time RT-PCR methods designed to detect mouse IFN-α4 and IFN-β mRNA \[[@pone.0148184.ref046], [@pone.0148184.ref048]\]. Mouse beta-actin mRNA (a housekeeping gene) was also quantified. The Taqman probe and primer sets are listed in [Table 1](#pone.0148184.t001){ref-type="table"}. The real-time RT-PCR conditions used were previously published by Katano *et al*. \[[@pone.0148184.ref049]\].

SAFV-3 neutralization assay {#sec014}
---------------------------

Sera were collected by centrifugation and inactivated by heating at 56°C for 30 min. Sera were titrated (in duplicate) from 1:16 to 1:256 in 96-well plates and reacted with inoculated 100 CCID~50~ of SAFV-3 at 37°C for 2 h before LLC-MK~2~ cells were added to each well. Titers of neutralization antibodies were assessed against each virus, which was identical to the virus used in the experimental infection of mice. Cells were incubated at 37°C for 2 weeks, during which time they were examined twice for the presence of viral cytopathic effects. The neutralizing antibody titer was determined as the reciprocal of the highest dilution at which no cytopathic effect was observed.

Statistical analysis {#sec015}
--------------------

Data are expressed as the mean and standard error of the mean. Statistical analysis was performed using Graph Pad Prism 5 software (GraphPad Software Inc., La Jolla, CA). Intergroup comparisons were performed using unpaired *t*-tests or one-way analysis of variance (ANOVA), followed by Tukey's *post* test. A *P*-value \<0.05 was considered statistically significant.

Results {#sec016}
=======

Amino acid sequence differences between the two SAFV-3 strains {#sec017}
--------------------------------------------------------------

The complete genomes for the AM and UR strains of SAFV-3 were compared. The nucleotide sequence for the complete genome of the AM strain (accession no. HQ902242) was 98.6% identical to that of the UR strain (accession no. AB983594). The AM strain genome differenced from the UR strain with respect to 114 nucleotides, eight of which were non-synonymous. Regarding the structural proteins, the VP2 protein of the AM and UR strains differed by only a single amino acid (at position 269: Thr in AM and Asn in UR). By contrast, the non-structural proteins showed differences at the following seven amino acid positions: position 31 (AM, Asn; UR, Asp) in the leader protein; position 113 (AM, Pro; UR, Ser) in the 2A protein; positions 31 (AM, Ala; UR, Thr) and 262 (AM, Ala; UR, Glu) in the 2C protein; position 13 (AM, Met; UR, Thr) in the 3B protein; position 112 (AM, Asn; UR, Asp) in the 3C protein; and position 387 (AM, His; UR, Tyr) in the 3D protein.

Neurovirulence of SAFV-3 in neonatal ddY mice {#sec018}
---------------------------------------------

To investigate the neurovirulence of SAFV-3, neonatal ddY mice were inoculated intracerebrally with the AM or UR strain of SAFV-3. We found that 50% of the AM-inoculated neonatal mice developed mild neurological signs, such as elevated tails, ataxia, and rolling, on Days 7 and 8 p.i.; however, all mice recovered rapidly. The rate of weight gained in the UR-inoculated neonatal mice was significantly lower than that in the 2MEM-inoculated control mice during the observation period, whereas that in AM-inoculated neonatal mice was equal to that in the 2MEM-inoculated control mice ([Fig 1](#pone.0148184.g001){ref-type="fig"}). The observed neuronal deficits suggested that viral infection might affect the cerebellum in neonatal mice, especially in those inoculated with the AM strain. This result suggested that both SAFV-3 strains were mildly virulent in neonatal mice. Additionally, the virulence of the two SAFV-3 strains differed in neonatal mice after intracerebral inoculation.

![Clinical course of neonatal ddY mice after intracerebral inoculation with SAFV-3.\
Within 24 h of birth, neonatal ddY mice were inoculated intracerebrally with 10^4^ CCID~50~ (cell culture infectious dose) of the aseptic meningitis (AM) or upper respiratory (UR) strains of SAFV-3. Animals were observed for clinical manifestations, and body weight was measured daily for 15 days and on Day 21 (n = 3--4 mice per group). Two of the four AM-inoculated mice showed mild neurological signs, such as rolling and ataxia, on Days 7 and 8 post-inoculation (p.i.) (arrows), but the animals rapidly recovered. UR-inoculated mice showed significantly less weight gain than mock-infected control mice. All animals survived the inoculation. (\**P* \< 0.05 and \*\*\**P* \< 0.001; one-way ANOVA). The data in the figure are representative of two experiments with similar results.](pone.0148184.g001){#pone.0148184.g001}

Histopathology and cell tropism of SAFV-3 in neonatal ddY mice {#sec019}
--------------------------------------------------------------

We also used histopathological and immunohistochemical approaches to examine the ability of the SAFV-3 virus to infect neonatal mice after intracerebral inoculation ([Table 2](#pone.0148184.t002){ref-type="table"} and [Fig 2](#pone.0148184.g002){ref-type="fig"}). On Day 3 p.i., the AM-inoculated mice showed mild or no histopathological changes in the brain or other major organs, although viral antigens were detected in the brain, spinal cord, and skeletal muscle ([Table 2](#pone.0148184.t002){ref-type="table"} and [Fig 2A](#pone.0148184.g002){ref-type="fig"}). UR-inoculated mice showed significant histopathological changes in the brain and tooth germ, including cellular degeneration with condensed nuclei and necrosis with slight cellular infiltration ([Table 2](#pone.0148184.t002){ref-type="table"} and [Fig 2A](#pone.0148184.g002){ref-type="fig"}). SAFV antigens were detected in degenerated neural cells (which showed eccentric nuclei) around the lateral ventricle, which was the virus inoculation site, and in the undeveloped medulla of the cerebellum ([Fig 2A](#pone.0148184.g002){ref-type="fig"}, insets). In addition, a few neural cells within the spinal cord, and skeletal muscle cells throughout the body, were positive for viral antigens ([Table 2](#pone.0148184.t002){ref-type="table"}). However, none of the large pyramidal neurons in the brain and spinal cord were positive for viral antigens. Moreover, viral antigens were detected in the oral cavity of UR-inoculated mice, but the histopathological changes were very weak. The number of viral antigen-positive cells in the cerebellum lobule of AM-inoculated mice was approximately five times greater than that in UR-inoculated mice on Day 3 p.i., and 16 times greater on Day 7 p.i. ([Fig 2B](#pone.0148184.g002){ref-type="fig"}). RNA *in situ* hybridization using paraffin-embedded brain tissues harvested from neonatal mice at 3 days p.i. revealed that viral RNA was present in the ventricle, cerebrum, and brain stem of mice inoculated with either virus strain ([Fig 2C](#pone.0148184.g002){ref-type="fig"}). Notably, the cerebellum in AM-inoculated mice, but not in UR-inoculated mice, was positive for viral RNA. The distribution of viral antigens correlated with that of viral RNA in the brain.

10.1371/journal.pone.0148184.t002

###### Histopathological examination of viral antigen-positivity and inflammatory reactions following intracerebral inoculation of Saffold virus into neonatal ddY mice.

![](pone.0148184.t002){#pone.0148184.t002g}

  Virus strain   Day of sacrifice (p.i.)   Number of mice   Central nervous system tissues             Other tissues                                 
  -------------- ------------------------- ---------------- ------------------------------------------ --------------- ----- ----- ----- ----- ----- -----
  AM             3                         3                3/1[\*](#t002fn001){ref-type="table-fn"}   3/1             3/0   2/0   2/0   0/0   0/0   0/0
                 7                         3                1/0                                        0/0             3/0   1/0   0/0   0/0   0/0   0/0
                 21                        7                0/1                                        0/2             0/1   0/0   0/0   0/0   0/0   0/0
  UR             3                         4                4/4                                        4/3             2/0   3/0   2/0   0/0   2/1   2/2
                 7                         4                4/1                                        4/2             2/0   4/1   4/0   0/0   0/0   2/2
                 21                        4                0/1                                        2/4             0/3   1/3   0/0   0/0   0/0   0/0

\*Values represent the number of animals positive for viral antigen/number among animals showing evidence of degeneration or inflammatory reactions.

AM, aseptic meningitis; p.i., post-inoculation; UR, upper respiratory.

![Histopathological examination of neonatal ddY mice inoculated intracerebrally with SAFV-3.\
Within 24 h of birth, neonatal ddY mice were inoculated intracerebrally with 10^4^ CCID~50~ (cell culture infectious dose) of the aseptic meningitis (AM) or upper respiratory (UR) strains of SAFV-3. (A) Representative histopathological findings of viral infection in neonatal mice 3 days post-inoculation (p.i.) are shown (n = 3--4 mice per group). Hematoxylin and eosin staining (H&E) and immunohistochemical analysis with an anti-SAFV-3 antibody (anti-SAFV). Bar, 50 μm. Mild histopathological changes were associated with viral antigen-positive cells (brown) in AM-inoculated neonatal mice. Degenerated and necrotic cells and a mild inflammatory infiltrate were observed around the lateral ventricle, in the tooth germ, and in the oral mucosa of UR-inoculated neonatal mice. Viral antigen-positive cells were present in the lesion. The cytoplasm of degenerated cells (with condensed nuclei) in the cerebrum and tooth germ was positive for viral antigens (insets). Meanwhile, the oral mucosa of UR-inoculated mice appeared histopathologically normal, but was positive for viral antigens (inset). (B) Number of viral antigen-positive cells in the cerebellum. (\*\**P* \< 0.01; unpaired *t*-test). (C) *In situ* hybridization to visualize viral RNA in the brain of a neonatal mouse on Day 3 p.i. Viral RNA positive signals (red; arrows). Viral RNA was observed in viral antigen-positive tissue. Original magnification, 400× (A), and 1,000× (insets in A and C).](pone.0148184.g002){#pone.0148184.g002}

On Day 3 p.i., mild perivascular cuffing was more common in the cerebrum/brain stem of UR-inoculated mice than in that of AM-inoculated mice; however, no perivascular cuffing was observed in the cerebellum of either group ([S1 Fig](#pone.0148184.s001){ref-type="supplementary-material"}, upper panels). Appreciable perivascular cuffing and vacuolation in the neuropil were detected in the brains stem of UR-inoculated mice on Day 21 p.i. ([S1 Fig](#pone.0148184.s001){ref-type="supplementary-material"}, lower panels; [Table 2](#pone.0148184.t002){ref-type="table"}), with two of the four mice showing severe focal necrosis in the thalamus. In addition, mild meningitis and perivascular cuffing was observed in the spinal cords of UR-inoculated mice but not in AM-inoculated mice ([Fig 3A](#pone.0148184.g003){ref-type="fig"}). Foci of demyelination with Iba1^+^ microglia infiltrations were observed in the white matter of the spinal cords of UR-inoculated mice but not of AM-inoculated mice ([Fig 3B](#pone.0148184.g003){ref-type="fig"}). Histopathologically, a few microglia phagocytized viral antigens in the lesion of the brainstem and spinal cord.

![Demyelination in the spinal cord of neonatal ddY mice after intracerebral inoculation with SAFV-3.\
Within 24 h of birth, neonatal ddY mice were inoculated intracerebrally with 10^4^ CCID~50~ (cell culture infectious dose) of the aseptic meningitis (AM) or upper respiratory (UR) strains of SAFV-3. (A) Representative histopathological findings of the spinal cord in neonatal mice 21 days post-inoculation (p.i.) are shown. Hematoxylin and eosin staining (H&E) Bar, 500 μm. Meningitis and mild perivascular cuffing (arrows, upper right panels; box, low magnification) are observed in the white matter of the UR-inoculated mice on day 21 p.i. (B) Klüver-Barrera Luxol fast blue staining (KB-LFB) (upper panels; low magnification, lower left panels; box of upper panels) and immunohistochemical analysis with an anti-Iba1 antibody (lower right panels). Scattered demyelinations (asterisks) with inflammatory infiltrations were observed in the white matter of UR-inoculated mice. Infiltrated cells were Iba1 positive microglia (brown, lower right panels). Upper bar, 500 μm; lower bar, 50 μm. Upper panels, original magnification (50×); lower panels, 400×.](pone.0148184.g003){#pone.0148184.g003}

Double immunofluorescence staining indicated that GLAST^+^ or GFAP^+^ glial cells and Musashi-1^+^ neural progenitor cells in the cerebellum of AM-inoculated animals were positive for viral antigens ([Fig 4A](#pone.0148184.g004){ref-type="fig"}). The Musashi-1^+^ neural progenitor cells, as well as the neuroepithelial cells and GLAST^+^ or GFAP^+^ glial cells around the ventricle, were also positive in UR-inoculated mice ([Fig 4B](#pone.0148184.g004){ref-type="fig"}). BLBP^+^ radial astroglia cells both in the AM- and in the UR-inoculated mice were positive for viral antigens, but MAP-2^+^ neuronal cells, CNPase^+^ or MAG^+^ oligodendroglia cells, and GS-lectin^+^ microglia cells were negative for viral antigens. In addition, the cytokeratin-positive epithelial cells in the oral cavity of UR-inoculated mice were positive for viral antigens ([Fig 4C](#pone.0148184.g004){ref-type="fig"}), as were the calbindin-positive cells in the tooth germ \[[@pone.0148184.ref050]\]. The skeletal muscle cells in the tongue and the cardiac muscle cells of mice inoculated with either the AM or UR strain were positive for viral antigens ([S2 Fig](#pone.0148184.s002){ref-type="supplementary-material"}). However, no viral antigens were detected in other major organs, including the lungs, liver, spleen, kidneys, pancreas, stomach, and intestine, in either group of mice.

![Identification of SAFV-3-infected cells in the neonatal mouse brain.\
Within 24 h of birth, neonatal ddY mice were inoculated intracerebrally with 10^4^ CCID~50~ (cell culture infectious dose) of the aseptic meningitis (AM) or upper respiratory (UR) strains of SAFV-3. Double immunofluorescent images showing viral antigens (red) and markers (green) for Musashi-1^+^ neural progenitor cells, GFAP^+^ astrocytes, and GLAST^+^ radial astrocytes, in the brains of mice on Day 3 post-inoculation (p.i.). (A) Viral antigen-positive cells in the cerebellum of AM-inoculated mice were identified as Musashi-1^+^ neural progenitor cells, and GFAP^+^ and GLAST^+^ radial astrocytes (aka Bergmann glia) (B) By contrast, Musashi-1^+^ neural progenitor cells (aka neuroepithelial cells), and GFAP^+^ and GLAST^+^ radial astrocytes in the ventricular zone of UR-inoculated mice were positive for viral antigens. Bar, 20 μm. (C) Viral antigen-positive cells in the oral mucosa of UR-inoculated mice were cytokeratin-positive epithelial cells. Arrows, viral antigen-positive and neural marker-positive cells (A, B). LV, lateral ventricle (B). Original magnification, 600×.](pone.0148184.g004){#pone.0148184.g004}

These results suggested that although both SAFV-3 isolates show a common cellular tropism in neonatal mice (infecting either glial or skeletal muscle cells), only the UR strain infected both glial and epithelial cells. However, histopathological examination suggested that the AM strain replicated in the cerebellum ([Fig 2B and 2C](#pone.0148184.g002){ref-type="fig"}) to a greater extent than the UR strain after intracerebral inoculation.

Viral replication and immune responses against SAFV-3 in neonatal ddY mice {#sec020}
--------------------------------------------------------------------------

Histopathological examination and the observed neuronal deficits suggested that viremia might occur after virus inoculation, particularly in mice inoculated with the UR strain, and that viral infection might affect the cerebellum in neonatal mice, particularly those inoculated with the AM strain. Thus, viral replication was measured separately in the blood, cerebellum, and other brain regions (cerebrum and brain stem, referred to hereafter as the cerebrum/brain stem). Real-time PCR revealed that viral RNA levels in the blood of SAFV-3-inoculated mice peaked at 3--5 days p.i., although the levels were higher in UR-inoculated mice ([Fig 5A](#pone.0148184.g005){ref-type="fig"}). Thus, viremia was detected in both groups post-inoculation, although the levels were different. The levels of viral RNA in the cerebrum/brain stem and cerebellum of both groups increased after Day 3 p.i. Notably, on Days 3 and 5 p.i., the levels of viral RNA in the cerebrum/brain stem of mice infected with the UR strain were significantly higher than those in mice infected with the AM strain. By contrast, on Day 5 p.i., the levels of viral RNA in the cerebellum of mice infected with the AM strain were significantly higher than those in the cerebellum of mice infected with the UR strain ([Fig 5B](#pone.0148184.g005){ref-type="fig"}).

![Viral replication and type 1 interferon expression in SAFV-3-inoculated neonatal ddY mice.\
Within 24 h of birth, neonatal ddY mice were inoculated intracerebrally with 10^4^ CCID~50~ (cell culture infectious dose) of the aseptic meningitis (AM) or upper respiratory (UR) strains of SAFV-3. The number of viral RNA copies was measured in the blood (A) and cerebrum/brain stem and cerebellum (B) of each mouse on Days 1, 3, 5, 7, and 10 post-inoculation (p.i.) (n = 4 mice per group for each day). The number of viral RNA copies is expressed relative to the number of mouse beta-actin RNA copies. Viral RNA levels in the blood and brain peaked at 3 to 5 Days p.i. in mice inoculated with AM and UR strains (\**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001; unpaired *t*-test). (C) Real-time reverse transcriptase (RT)-PCR quantification of interferon beta (IFN-β) mRNA expression in the brains of SAFV-inoculated neonatal mice (n = 3--4 mice per group). The number of IFN-β RNA copies is expressed relative to the number of mouse beta-actin RNA copies. On Day 3 p.i., UR-inoculated mice showed greater expression of IFN-β than AM-inoculated mice (\**P* \< 0.05 and \*\*\**P* \< 0.001; one-way ANOVA).](pone.0148184.g005){#pone.0148184.g005}

We next examined the anti-viral responses to SAFV infection in the brains of neonatal mice. IFN-β expression in the brains of both groups increased at 3 days p.i.; however, levels in the brains of UR-inoculated mice were significantly higher than those in the brains of AM-inoculated mice ([Fig 5C](#pone.0148184.g005){ref-type="fig"}). Thus, intracerebral inoculation of SAFV-3 induced an anti-viral immune response (type 1 IFN expression) in the neonatal mouse brain. In addition, the UR strain induced a stronger type 1 IFN response and longer-term inflammatory infiltration than the AM strain.

Taken together, these results suggest that both SAFV-3 strains infect the neonatal mouse brain. Additionally, the two SAFV-3 strains showed differing infectivity and virulence after intracerebral inoculation into neonatal mice.

Neurotropism of SAFV-3 in neonatal ddY mice {#sec021}
-------------------------------------------

We also assessed the neurotropism of SAFV-3 after intraperitoneal inoculation into neonatal ddY mice. The mice showed no obvious clinical signs after intraperitoneal inoculation with either the AM or UR strain of SAFV-3. However, histopathological and immunohistochemical examination revealed that these strains invaded and infected the CNS on Days 3 and 7 p.i. ([S1 Table](#pone.0148184.s009){ref-type="supplementary-material"} and [S3A Fig](#pone.0148184.s003){ref-type="supplementary-material"}). The UR-inoculated mouse brain contained a higher number of viral antigen-positive cells than the AM-inoculated mice ([S3A Fig](#pone.0148184.s003){ref-type="supplementary-material"}). In addition, viral antigens were detected in the muscle (skeletal muscle and cardiac muscle) (in two of four AM-inoculated mice and all UR-inoculated mice), tooth germ (in one of four UR-inoculated mice), and peripheral nerves of the spinal cord (in all UR-inoculated mice) on Day 3 p.i. The viral antigen-positive cells were determined morphologically to be glial cells, ependymal cells, skeletal muscle cells, or epithelial cells. An inflammatory infiltrate was observed in the CNS of UR-inoculated mice on Day 21 p.i. ([S3B Fig](#pone.0148184.s003){ref-type="supplementary-material"}). Double immunofluorescence staining revealed that the viral antigen-positive cells were GLAST^+^ or GFAP^+^ glial cells and Musashi-1^+^ neural progenitor cells from around the ventricle of the brain stem and the cerebellum in both AM- and UR-inoculated mice ([S4 Fig](#pone.0148184.s004){ref-type="supplementary-material"}). Thus, both SAFV-3 isolates showed neurotropism following intraperitoneal inoculation into neonatal mice. Although the route of infection was unclear, the UR strain showed a greater capacity to infect the CNS than the AM strain after intraperitoneal inoculation.

Neurovirulence of SAFV-3 in young ddY mice {#sec022}
------------------------------------------

Young ddY mice were inoculated intracerebrally with the AM or UR strains to examine the neurovirulence of SAFV-3. At Day 6 p.i., the young UR-inoculated ddY mice gained significantly less body weight than the 2MEM-inoculated controls. There was no difference in body weight between AM-inoculated and 2MEM-inoculated ddY mice. None of the mice showed obvious clinical manifestations. Both AM- and UR-inoculated young ddY mice showed histopathological evidence of perivascular inflammation and neural cell degeneration with eccentric nuclei ([S5 Fig](#pone.0148184.s005){ref-type="supplementary-material"}). Viral antigen-positive cells were observed on Day 3 p.i.; double immunofluorescence staining revealed that the these cells were GLAST^+^ or GFAP^+^ glial cells and Musashi-1^+^ progenitor neural cells from within the cerebral medulla and GFAP^+^ glial cells from the cerebellum cortex ([S6 Fig](#pone.0148184.s006){ref-type="supplementary-material"}). In addition, viral antigens were detected in the cerebellum of two of three mice in each virus-inoculated group on Day 3 p.i. However, none of the large pyramidal neurons in the CNS were positive for viral antigens. On Day 8 p.i., all mice in both virus-inoculated groups showed meningitis and perivascular cuffing in the brain and brain stem, but not in the cerebellum. No histopathological changes were noted in the oral mucosa or tooth germ in AM- and UR-inoculated mice. These results suggested that SAFV-3 was mildly neurovirulent in young ddY mice.

Neurovirulence and neurotropism of SAFV-3 in young BALB/c mice {#sec023}
--------------------------------------------------------------

We next examined the neurovirulence and neurotropism of SAFV-3 in young BALB/c mice, which are Th-2-prone inbred mice, following intracerebral inoculation. AM- and UR-inoculated mice lost significantly more body weight than 2MEM-inoculated control mice between 1 and 3 days p.i. ([Fig 6](#pone.0148184.g006){ref-type="fig"}). However, mice in both groups regained the lost weight during the observation period and exhibited no obvious clinical signs. Histopathological and immunohistochemical analyses on Day 3 p.i. revealed that the degenerated and necrotic nerve cells in the brains were positive for viral antigens ([Fig 7](#pone.0148184.g007){ref-type="fig"} and [Table 3](#pone.0148184.t003){ref-type="table"}). All of the AM- and UR-inoculated mice showed signs of meningitis. Viral antigen-positive cells were detected in the cerebral medulla, but not in the cortex, in both groups. A greater number of viral antigen-positive cells were observed in the brains of UR-inoculated mice than in the brains of AM-inoculated mice ([Fig 7](#pone.0148184.g007){ref-type="fig"}). However, whereas viral antigens were detected in all of the AM-inoculated mice along with mild inflammation in the molecular layer of the cerebellar cortex on Day 3 p.i., viral antigens were detected in only two of the five UR-inoculated mice ([Fig 7](#pone.0148184.g007){ref-type="fig"} and [Table 3](#pone.0148184.t003){ref-type="table"}). Virus antigen-positive cells were detected in the spinal cord of a few mice on Day 3 p.i. ([Table 3](#pone.0148184.t003){ref-type="table"}). The viral antigen-positive cells in the cerebral medulla of both groups were identified as GLAST^+^ or GFAP^+^ glial cells and Musashi-1^+^ progenitor neural cells by double immunofluorescence staining ([S7 Fig](#pone.0148184.s007){ref-type="supplementary-material"}).

![Body weight changes in young BALB/c mice after intracerebral inoculation with SAFV-3.\
BALB/c mice were inoculated intracerebrally with 10^4^ CCID~50~ (cell culture infectious dose) of the aseptic meningitis (AM) and upper respiratory (UR) strains of SAFV-3. Body weight was measured for 21 days post-inoculation (p.i.) (n = 6). The dotted line represents 100%. (\**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001; unpaired *t*-test). Body weight of mice inoculated with either of the two SAFV-3 strains decreased during the early phase of infection. The figure shows representative data from two experiments with similar results.](pone.0148184.g006){#pone.0148184.g006}

![Histopathological examination of brains from young BALB/c mice after intracerebral inoculation with SAFV-3.\
On Day 3 post-inoculation (p.i.), brains were obtained from BALB/c mice after intracerebral inoculation with 10^4^ CCID~50~ (cell culture infectious dose) of the aseptic meningitis (AM) and upper respiratory (UR) strains of SAFV-3. Hematoxylin and eosin (H&E) staining and immunohistochemical analysis with an anti-SAFV-3 antibody (anti-SAFV). Bar, 50 μm. Nerve cells were degenerated, with eccentric nuclei (arrows), and the cerebral medulla was positive for viral antigens (insets, left panels). Several viral antigen-positive cells were seen in the lesions in both AM- and UR-inoculated mice. Nerve cells in the cerebral cortex were negative for viral antigen. Focal inflammatory infiltration (asterisk) by viral antigen-positive cells was observed in the molecular layer of the cerebellum of AM-inoculated mice, but not in that of UR-inoculated mice (insets, right panels). Purkinje cells were negative for viral antigens. Cx, Cortex; Md, Medulla. Original magnification, 400×; insets, 1,000×.](pone.0148184.g007){#pone.0148184.g007}

10.1371/journal.pone.0148184.t003

###### Histopathology after intracerebral inoculation of Saffold virus into adult BALB/c mice.

![](pone.0148184.t003){#pone.0148184.t003g}

  Virus strain   Day of sacrifice (i.p.)   Number of animals   Central nervous system tissues             Other tissues                           
  -------------- ------------------------- ------------------- ------------------------------------------ --------------- ----- ----- ----- ----- -----
  AM             3                         5                   5/5[\*](#t003fn001){ref-type="table-fn"}   1/0             5/1   1/1   0/0   0/0   0/0
                 8                         4                   4/4                                        0/1             0/4   0/3   0/0   0/0   0/0
                 21                        4                   0/1                                        0/0             0/0   0/0   0/0   0/0   0/0
  UR             3                         5                   5/4                                        1/2             2/0   2/0   0/0   0/0   0/0
                 8                         4                   2/3                                        0/2             0/1   0/1   0/0   0/0   0/0
                 21                        4                   0/3                                        0/0             0/0   0/2   0/0   0/0   0/0

\*Number of animals positive for viral antigen/number of animals showing evidence of degeneration or inflammatory reactions.

AM, aseptic meningitis; p.i., post-inoculation; UR, upper respiratory

Viral RNA was detectable in the brains of mice in both groups on Days 3, 8, and 21 p.i., although at very low levels ([Fig 8A](#pone.0148184.g008){ref-type="fig"}). The expression of IFN α4 and β mRNA in the cerebrum of UR-inoculated mice was higher than that in AM-inoculated mice on Day 3 p.i. ([Fig 8B](#pone.0148184.g008){ref-type="fig"}); however, the number of IFN α4 and β mRNA copies in the cerebellum of AM-inoculated mice was significantly higher than that in the cerebellum of UR-inoculated mice ([Fig 8B](#pone.0148184.g008){ref-type="fig"}).

![Viral replication and type 1 interferon expression in the brains of SAFV-3-inoculated young BALB/c mice.\
BALB/c mice were inoculated intracerebrally with 10^4^ CCID~50~ (cell culture infectious dose) of the aseptic meningitis (AM) and upper respiratory (UR) strains of SAFV-3. (A) After inoculation, the number of viral RNA copies was measured in the cerebrum and cerebellum of each mouse on Days 3, 8, and 21 p.i. (n = 3 mice per group for each day). There was no difference in the number of viral RNA copies between the AM- and UR-inoculated groups (unpaired *t*-test). (B) Quantification of type 1 interferon (IFN), IFN-α4, and IFN-β mRNA expression in the brains of SAFV-3-inoculated mice on Days 3, 8, and 21 p.i. (n = 3 mice per group for each day). Number of viral IFN-α4 and IFN-β RNA copies relative to that of mouse beta-actin copies (\*\*\**P* \< 0.001; one-way ANOVA). On Day 3, the expression of IFN-α4 and IFN-β in the cerebellum of AM-inoculated mice was higher than that in UR-inoculated mice.](pone.0148184.g008){#pone.0148184.g008}

Histopathologically, inflammatory infiltrations were detected in the cerebrum of AM- and UR-inoculated mice on Day 3 p.i. Although no type 1 IFN was expressed on Day 8 p.i., inflammatory infiltration was observed in the cerebellum of all AM-inoculated mice, whereas it was observed only in the cerebellum of one UR-inoculated mice ([Fig 9](#pone.0148184.g009){ref-type="fig"}). On Day 21 p.i., mild perivascular cuffing was observed in the spinal cord of two of the four UR-inoculated mice. None of the mice displayed histopathological changes in muscle, oral mucosa, or tooth germ ([Table 3](#pone.0148184.t003){ref-type="table"}). On Day 60 p.i., neither AM- nor UR-inoculated mice had viral antigen-positive cells in the brain. However, they were positive for viral RNA; one of the six brains from AM-inoculated mice was positive and three of six brains from UR-inoculated mice were positive in the second round PCR of nested RT-PCR for SAFV ([S2 Table](#pone.0148184.s010){ref-type="supplementary-material"}). However, viral RNA was not detected in the paraffin embedded brain tissues of either AM- or UR-inoculated mice on Day 60 p.i. These results suggest that the viral RNA level was too low to be detectable by nested RT-PCR in the CNS on 60 day p.i. Furthermore, only two of the six UR-inoculated mice showed mild inflammatory infiltration, without a demyelinating lesion, in the white matter of the spinal cord and the lateral ventricle.

![Inflammatory infiltration in the cerebellum of SAFV-3-inoculated young BALB/c mice.\
BALB/c mice were inoculated intracerebrally with 10^4^ CCID~50~ (cell culture infectious dose) of the aseptic meningitis (AM) and upper respiratory (UR) strains of Saffold virus type 3 (SAFV-3). Hematoxylin and eosin (H&E) staining. Bar, 100 μm (upper panels) and 20 μm (lower panels). Histopathological findings in the cerebellum on Day 8 p.i. Inflammatory cells were observed in the cerebellar cortex (arrows, low magnification) and meninges (asterisk) of AM-inoculated mice (left panels), but not in those of UR-inoculated mice (right panels). Mononuclear cells and rod-shaped cells (arrows, high magnification) were observed in the cortex and meninges of AM-inoculated, but not UR-inoculated, mice (lower panels). Purkinje cells were present in the lesion. The figure shows representative data from two experiments with similar results. Original magnification: upper panels, 200×, and lower panels, 1,000×.](pone.0148184.g009){#pone.0148184.g009}

These results indicated that SAFV-3 was only mildly neurovirulent in young ddY and BALB/c mice when inoculated intracerebrally. Both strains showed low infectivity and neurotropism in the brains of these young mice; however, the immune response of mice infected with the two SAFV-3 strains differed, particularly that in the cerebellum of young BALB/c mice. The observed body weight changes, coupled with the inflammatory infiltrates in the cerebellum, suggest that young ddY and BALB/c mice have different susceptibilities or immune responses to infection by SAFV-3 isolates. Young BALB/c mice (Th-2 prone inbred mice) showed a stronger immune response to SAFV-3 infection than ddY mice.

SAFV-3 infection via the mucosa in young BALB/c mice {#sec024}
----------------------------------------------------

Finally, we examined the neuroinvasiveness and infectivity of SAFV-3 by inoculating BALB/c mice via different routes. Because the oral cavity of neonatal mice was positive for viral antigens after intracerebral inoculation with the UR strain ([Fig 2A](#pone.0148184.g002){ref-type="fig"}), we speculated that SAFV-3 might infect young mice through the mucosa. To explore this hypothesis, we infected young BALB/c mice with the AM and UR strains of SAFV-3 (10^4^ CCID~50~ per mouse) via various routes (intraperitoneal, intravenous, oral, and intranasal). None of the animals showed clinical neurological signs. In addition, no histopathological changes were observed in the CNS (including the olfactory bulb) or other organs on Days 3, 8, and 21 p.i. However, on Day 3 post-intraperitoneal inoculation, immunohistochemical analysis revealed viral antigen-positive cells in the pancreas of all three AM-inoculated mice and one of the three UR-inoculated mice ([S8 Fig](#pone.0148184.s008){ref-type="supplementary-material"}). Similarly, on Day 3 post-intravenous inoculation of UR, viral antigens were detected in the pancreas in one of three mice. However, no histopathological changes or viral antigens were observed in the major organs after oral or intranasal inoculation with either virus strain. Interestingly, very mild and focal inflammatory infiltrations (in the absence of viral antigen) were seen in the nasal mucosa of mice inoculated with UR via the oral and intranasal routes. No virus was detected in the feces on Days 3 and 8 after oral infection. We then measured the levels of anti-SAFV-neutralizing antibodies in the sera of mice on Day 21 p.i., to examine seroconversion against each inoculated strain. All of the young BALB/c mice seroconverted after intracerebral, intraperitoneal, or intravenous inoculation with SAFV-3 ([Fig 10](#pone.0148184.g010){ref-type="fig"}). Notably, oral and intranasal inoculation with the UR strain induced seroconversion in young BALB/c mice. By contrast, mice orally administered the AM strain did not seroconvert. After intranasal administration, two out of four animals showed low levels of neutralizing antibodies against the inoculated virus. These results suggested that the UR strain, but not the AM strain, infected young BALB/c mice through "natural" routes, including the oral and nasal mucosa.

![Titers of neutralizing antibodies against SAFV-3 in sera from young BALB/c mice.\
On Day 21 post-inoculation, sera were obtained from mice inoculated intracerebrally (ic), intraperitoneally (ip), intravenously (iv), orally (po), or intranasally (in) with the aseptic meningitis (AM) or upper respiratory (UR) strains of SAFV-3 (n = 4 or 6 mice per group). All mice inoculated with the UR strain, but not those inoculated with the AM strain, via the oral or intranasal routes, generated neutralizing antibodies.](pone.0148184.g010){#pone.0148184.g010}

Discussion {#sec025}
==========

Here, we showed that two clinical SAFV-3 isolates, an AM strain isolated from a patient with aseptic meningitis and a UR strain isolated from a patient with an upper respiratory infection, induced mild neuropathogenesis in neonatal and young mice. Neither strain caused severe neurological manifestations, such as paralysis or fatal encephalitis, in neonatal or young mice. Neonatal ddY mice intracerebrally inoculated with the UR strain showed poor (but not fatal) weight gain, and neonatal ddY mice intracerebrally inoculated with the AM strain showed mild clinical signs, such as tremors; however, these signs were minor and transient. Immunohistochemical analysis revealed that both SAFV-3 isolates infected glial cells, but not large pyramidal neurons, in neonatal mice. However, histopathological investigation revealed that both strains induced an aseptic meningitis (lasting at least 3 weeks) in the brains of neonatal mice after intracerebral or intraperitoneal inoculation; thus both SAFV-3 strains were mildly neuropathogenic, neurotropic, and neurovirulent in neonatal ddY mice. There were some differences between the two SAFV-3 strains in terms of infectivity and cell tropism in the murine neonatal model. For instance, the ependymal cells and mucosal epithelia of the oral cavity and the tooth germ in neonatal mice were infected following intracerebral infection with the UR, but not the AM, strain. In addition, the UR strain infected the mucosa in young mice following intranasal or oral inoculation; thus this animal model recapitulates the potential infectivity of the UR strain observed in human upper respiratory tract infections. Therefore, both the neonatal and young mouse models will be useful for future studies aimed at elucidating the pathogenesis of different SAFV-3 strains.

The present study highlights the similarities and differences between SAFV-3 and other cardioviruses. Theiler\'s murine encephalomyelitis virus (TMEV) is a common enteric pathogen in mice and causes poliomyelitis-like flaccid paralysis and a chronic progressive white matter-demyelinating disease, which is considered a relevant viral infection model of human multiple sclerosis \[[@pone.0148184.ref051]--[@pone.0148184.ref053]\]. Neurovirulent strains of TMEV mainly infect the cerebral cortex, hippocampus, and spinal cord after experimental inoculation \[[@pone.0148184.ref054]--[@pone.0148184.ref056]\]. Virus-mediated neurological disorders are caused by direct lytic infection of neurons and oligodendroglia and by secondary immune-mediated destruction of infected cells \[[@pone.0148184.ref057]\]. We found that the UR-inoculated neonatal mice intracerebrally showed foci of demyelination with microglia infiltrations in the spinal cord on day 21 p.i. This seems to be an early phase of demyelination after viral infection, which is likely to be due to TMEV infection. However, SAFV-3 infected adult mice did not show any lesion associated with demyelinating disease. Interestingly, the SAFV-3 strains examined herein were neurotropic for glial cells in the cerebellum but not for oligodendroglia; however, no study has reported a similar tropism for TMEV \[[@pone.0148184.ref054]\]. Additionally, there is no evidence for an association between SAFV and human multiple sclerosis \[[@pone.0148184.ref013], [@pone.0148184.ref058]\]. The pathological process of demyelination may be different between SAFV and TMEV. In the present study, SAFV-3 infected the pancreas of young mice after intraperitoneal inoculation. Another cardiovirus, *Encephalomyocarditis virus*, also infects the pancreas of mice and causes type 1 diabetes \[[@pone.0148184.ref003], [@pone.0148184.ref005]\]; thus, SAFV-3 may have the potential to induce diabetes in mice. Similar to other murine enteric cardioviruses, the UR strain infected young mice via the mucosal route. Therefore, this mucosal infection model may mimic SAFV infection in humans and prove useful for furthering our understanding of the pathogenesis of SAFV. However, the routes of viral infection following oral and intranasal inoculation remain unclear.

The difference between the two SAFV-3 strains in terms of their ability to infect epithelial cells and neurons in the cerebellum may be related to the specific receptors used, or to factors that affect viral replication. Although the AM and UR strains differed by only a single amino acid in the VP2 protein; there were seven amino acid differences in the non-structural proteins (L, 2A, 2C, 3B, 3C, and 3D). The capsid protein of cardioviruses contains four loop structures, loops I and II in VP1, and puffs A and B in VP2, all of which are involved in receptor binding \[[@pone.0148184.ref013], [@pone.0148184.ref059], [@pone.0148184.ref060]\]. The leader protein of TMEV plays an important role in viral replication by inhibiting alpha/beta interferon production \[[@pone.0148184.ref061], [@pone.0148184.ref062]\] and inducing apoptosis \[[@pone.0148184.ref063], [@pone.0148184.ref064]\]. It also plays a role in neurovirulence \[[@pone.0148184.ref065]\]. In the present study, the AM and UR strains differed in terms of virus replication and induction of type 1 IFN expression in infected mice. The dissimilarity in the amino acid sequences of the two SAFV-3 isolates may have contributed to the observed differences in tissue tropism, viral replication, and type 1 IFN expression in the two mouse models. Notably, the expression of type 1 IFN in the cerebellum of AM-inoculated young mice was significantly greater than that in UR-inoculated mice. This discrepancy could be related to differences in cell tropism in these mice.

The AM strain showed greater tropism for the cerebellum than the UR strain. Nielsen *et al*. detected SAFV in the CSF and fecal samples from a 16-month-old child suffering from monosymptomatic ataxia caused by cerebellitis \[[@pone.0148184.ref035]\]. The neural signs, fluctuating from an insecure gait to walking into things and falling, remitted completely without sequelae during the next 2 months. In the present study, AM-inoculated neonatal mice showed neurological signs such as ataxia, rolling, and elevated tails on Days 7 and 8 p.i.; these mice also recovered rapidly. Interestingly, viral antigens were detected in glial cells in the cerebellum (aka Bergmann glia) but not in neural (Purkinje) cells. Bergmann glia and Purkinje cells, which construct glial microdomains, interact with growing neurites \[[@pone.0148184.ref066]\]. Cerebellar ataxia is generally thought to be caused by the loss of Purkinje cells. Therefore, we speculate that the SAFV-infected Bergmann glia in the present study affected the function of the Purkinje cells, leading to the cerebellar ataxia observed in neonatal mice.

Highly neurotropic viruses such as poliovirus, enterovirus 71, and neurovirulent flaviviruses, infect the CNS and cause viral meningitis or encephalomyelitis, which is characterized by neuronal damage and perivascular inflammation \[[@pone.0148184.ref067]--[@pone.0148184.ref070]\]. The preferential target of these neurotropic viruses is the large pyramidal neurons in the human CNS (and in that of animal models) \[[@pone.0148184.ref038], [@pone.0148184.ref071], [@pone.0148184.ref072]\]. In this study, the two SAFV-3 strains only infected neural progenitor cells and glial cells around the lateral ventricles and cerebellum in both neonatal and young mice. Neither infected the large pyramidal neurons in the brain cortex, brain stem, spinal cord, and cerebellum. This tropism of SAFV-3 could reflect the neuropathogenesis, such as meningitis and cuffing, observed in the brains of these mice (and possibly that observed in the human brain).

Conclusions {#sec026}
===========

In summary, we examined the neuropathogenesis of SAFV-3 in two mouse models and found that although SAFV-3 is a candidate neuropathogenic agent, it is different from the highly neurotropic enteroviruses, such as poliovirus, enterovirus 71, and coxsackieviruses A and B. The present *in vivo* comparative study using virological, pathological, and immunological methods to examine the effects of clinical viral isolates has further elucidated the pathogenesis of SAFV. However, future studies on the neuropathogenesis of SAFV will be required for complete understanding of this virus.

Supporting Information {#sec027}
======================

###### Inflammatory infiltrate in the brains of neonatal ddY mice after intracerebral inoculation with SAFV-3.

Within 24 h of birth, neonatal ddY mice were inoculated intracerebrally with 10^4^ CCID~50~ (cell culture infectious dose) of the aseptic meningitis (AM) or upper respiratory (UR) strains of SAFV-3. Representative histopathological images of inflammatory infiltration in the brains of neonatal mice on Days 3 and 21 post-inoculation (p.i.) are shown (n = 3, 4, or 7 mice per group). Hematoxylin and eosin (H&E) staining. Bars, 50 μm. On Day 3 p.i., swollen vascular endothelial cells (red arrow, inset) and a mild inflammatory infiltrate with microglia (blue arrow, inset) were seen in the cerebrum/brain stem of UR-inoculated mice (black arrows, panels in second row), but not in that of AM-inoculated mice (panels in first row). On Day 21 p.i., perivascular cuffing with mononuclear cell infiltration was observed in the brain stem/cerebellum of UR-inoculated mice (arrows and insets of fourth row) but not in those of AM-inoculated mice (panels in third row). Original magnification, 400×; insets, 1,000×.

(TIF)

###### 

Click here for additional data file.

###### Histopathology of the heart in neonatal ddY mice after intracerebral inoculation with SAFV-3.

On Day 3 post-inoculation (p.i.), hearts were obtained from neonatal ddY mice after intracerebral inoculation with 10^4^ CCID~50~ (cell culture infectious dose) of the aseptic meningitis (AM) and upper respiratory (UR) strains of SAFV-3. Hematoxylin and eosin (H&E) staining and immunohistochemical analysis with an anti-SAFV-3 antibody (anti-SAFV). Bar, 20 μm. The viral antigen-positive cells were seen in the cardiac muscle cells in both AM- and UR-inoculated mice. CP, Cavity of Pericardium. Original magnification, 1,000×.

(TIF)

###### 

Click here for additional data file.

###### Histopathology of neonatal ddY mice after intraperitoneal inoculation with SAFV-3.

Within 24 h of birth, neonatal ddY mice were intraperitoneally inoculated with 10^4^ CCID~50~ (cell culture infectious dose) of the aseptic meningitis (AM) and upper respiratory (UR) strains of SAFV-3. Representative histopathological findings of viral infection in neonatal mice on Day 3 post-inoculation (p.i.) (A) and of inflammatory infiltration on Day 21 p.i. (B) are shown. Hematoxylin and eosin staining (H&E) and immunohistochemical analysis with an anti-SAFV-3 antibody (anti-SAFV). Bar, 50 μm. Very slight or mild histopathological changes were observed around the fourth ventricle and in the cerebellum of both AM- and UR-inoculated mice (A). The glial cells of the brain stem and cerebellum and the skeletal muscle cells of abdominal muscle in AM-inoculated mice were virus antigen-positive (brown). By contrast, the ependymal and glial cells of the brain stem and cerebellum, and the skeletal muscle cells and tooth germ cells, of UR-inoculated mice were viral antigen-positive (A). The cytoplasm of degenerated glial cells (with condensation nuclei) was positive for viral antigens (insets show the brain stem and cerebellum). On Day 21 p.i., perivascular cuffing and mononuclear cell infiltration were observed in the brain stem and cerebellum of UR-inoculated mice, but not in those of AM-inoculated mice (B, arrows and insets). Original magnification, 400×; insets, 1,000×.

(TIF)

###### 

Click here for additional data file.

###### Identification of SAFV-3-infected cells in neonatal ddY mouse brain after intraperitoneal inoculation.

Within 24 h of birth, neonatal ddY mice were inoculated intraperitoneally with 10^4^ CCID~50~ (cell culture infectious dose) of the aseptic meningitis (AM) or upper respiratory (UR) strain of SAFV-3. Double immunofluorescent images showing viral antigens (red) and markers (green) for Musashi-1^+^ neural progenitor cells, GFAP^+^ astrocytes, and GLAST^+^ radial astrocytes in the brains of mice on Day 3 post-inoculation are presented. Musashi-1^+^ neural progenitor cells and GFAP^+^ glial cells around the ventricle of the brain stem and GLAST^+^ glial cells in the cerebellum from both AM- and UR-inoculated mice were also positive for viral antigen. Arrows, viral antigen-positive and neural marker-positive cells. Original magnification, 600×.

(TIF)

###### 

Click here for additional data file.

###### Histopathology of young ddY mice after intracerebral inoculation with SAFV-3.

On Day 3 post-inoculation (p.i.), brains were obtained from young ddY mice after intracerebral inoculation with 10^4^ CCID~50~ (cell culture infectious dose) of the aseptic meningitis (AM) and upper respiratory (UR) strains of SAFV-3. Hematoxylin and eosin (H&E) staining and immunohistochemical analysis with an anti-SAFV-3 antibody (anti-SAFV). Bar, 50 μm. Nerve cells were degenerated (arrows) with mild inflammatory infiltration (asterisk), and the cerebral medulla was positive for viral antigens (insets, left panels). Several viral antigen-positive cells were seen in lesions in both AM- and UR-inoculated mice. Nerve cells in the cerebral cortex were negative for viral antigen. Viral antigen-positive cells were observed in the molecular layer of the cerebellum of both AM- and UR-inoculated mice (insets, right panels). Purkinje cells were negative for viral antigens. Cx, Cortex; Md, Medulla, LV, Lateral Ventricle. Original magnification, 400×; insets, 1,000×.

(TIF)

###### 

Click here for additional data file.

###### Identification of SAFV-3-infected cells in the young ddY mouse brain after intracerebral inoculation.

Young ddY mice were inoculated intracerebrally with 10^4^ CCID~50~ (cell culture infectious dose) of the aseptic meningitis (AM) or upper respiratory (UR) strain of SAFV-3. Double immunofluorescent images showing viral antigens (red) and markers (green) for Musashi-1^+^ neural progenitor, GFAP^+^, and GLAST^+^ (astrocytes) cells in the brains of mice on Day 3 post-inoculation are presented. In both of the AM- and UR-inoculated mice, Musashi-1^+^ progenitor neural cells, and GFAP^+^ or GLAST^+^ glial cells within the cerebral medulla were positive for viral antigen. GFAP^+^ glial fibers within the cerebellum were positive for viral antigen (Lower panels). Arrows, viral antigen-positive and neural marker-positive cells. Original magnification, 600×.

(TIF)

###### 

Click here for additional data file.

###### Identification of SAFV-3-infected cells in the young BALB/c mouse brain after intracerebral inoculation.

Young BALB/c mice were inoculated intracerebrally with 10^4^ CCID~50~ (cell culture infectious dose) of the aseptic meningitis (AM) or upper respiratory (UR) strain of SAFV-3. Double immunofluorescent images showing viral antigens (red) and markers (green) for Musashi-1^+^ neural progenitor cells, and GLAST^+^ and GFAP^+^ astrocytes in the brains of mice on Day 3 post-inoculation are presented. Viral antigen-positive cells were identified as Musashi-1^+^, GFAP^+^, or GLAST^+^ in the cerebral medulla. Arrows, viral antigen-positive and neural marker-positive cells. Original magnification, 600×.

(TIF)

###### 

Click here for additional data file.

###### Histopathology of the pancreas in young BALB/c mice after intraperitoneal inoculation with SAFV-3.

On Day 3 post-inoculation (p.i.), pancreata were obtained from BALB/c mice after intraperitoneal inoculation with 10^4^ CCID~50~ (cell culture infectious dose) of the aseptic meningitis (AM) and upper respiratory (UR) strains of SAFV-3. Hematoxylin and eosin (H&E) staining and immunohistochemical analysis with an anti-SAFV-3 antibody (anti-SAFV). Bar, 20 μm. Viral antigen-positive cells were seen in acinar cells of the pancreas from both AM- and UR- inoculated mice. The viral antigen-positive cells had a basophilic cytoplasm (arrows). Pancreatic islet cells were negative for viral antigens. Original magnification, 1,000×.

(TIF)

###### 

Click here for additional data file.

###### Histopathological data of neonatal ddY mice after intraperitoneal inoculation with Saffold virus.

(DOCX)

###### 

Click here for additional data file.

###### Detection of viral genome and viral antigen in the brains of adult BALB/c mice after intracerebral inoculation with Saffold virus.

(DOCX)

###### 

Click here for additional data file.
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